The field of tissue engineering is still seeking a viable substitute to repair and replace damaged bone using a combination of porous implants, biochemical factors, and relevant cell types. While progress in this field has been made, current engineered solutions have not been able to mimic the architectural and biological requirements needed to provide a complete solution. In this work, bone-like human osteosarcoma cells were encapsulated inside gelatin methacrylate (GelMA) hydrogels of three different weight/volume (w/v) concentrations and stimulated to form mineral in order to determine the relationship between both bone formation and cellular activity with matrix stiffness. Distinct differences between cell morphology and mineral formation were found within the three types of hydrogels. Softer, less dense constructs were shown to provide a more cell friendly microenvironment that promoted dispersed mineral formation while stiffer, dense constructs provided a more structured environment for uniform bone-mineral formation. Additionally, while cells were able to function in all three types of hydrogels, cells in the softer GelMA constructs were shown to grow in large colonies within the gelatin matrix while cells in the stiffer GelMA constructs tended to aggregate and grow along the construct peripheries.
Introduction
Bone has emerged as the second most transplanted tissue in the world with forecasted revenue of $6.6 billion by 2020 in the United States alone [1, 2] . While clinical grafts are used in many reparative orthopedic procedures, they often fail due to graft necrosis and lack of integration with host tissue [3, 4] . Due to the limited success of such grafts, numerous alternative solutions to repairing and regenerating bone have been proposed that consist of combinations of different types of porous osteoconductive biomaterials, osteoinductive growth factors and osteogenic cells [5] [6] [7] [8] . However, no single option has emerged as a complete engineered solution. When creating a proper bone tissue substitute, several variables need to be taken into account: the scale of the implant needs to be optimized for proper vascularization and nutrient distribution, the base material must be biocompatible and biodegradable in ways that promote high cell viability and natural tissue growth, and the mechanical support of the implant should be suitable for proper weight bearing applications [2, [7] [8] [9] [10] [11] . Current tissue engineering strategies have not been able to address all of the aforementioned variables for an organ as intricate as bone. Traditionally, bone tissue engineering has adopted the strategy of machining scaffolds that provide structural support followed by the seeding of relevant cells onto the construct post-manufacturing. Although the exclusion of living cells during manufacturing gives the flexibility of using a variety of fabrication techniques needed to make intricate tissue substitutes, the cell seeding approach relies on the passive ability of cells to infiltrate the interiors of the 3D scaffold and often results in inadequate cell dispersion and cellular densities. To address this limitation, another manufacturing approach involving cell encapsulation within a soft biomaterial has also been widely explored. Cell encapsulation generally utilizes either synthetic or naturally derived hydrogels and includes the incorporation of living cells into a hydrated matrix during fabrication, thus allowing for the precise control over the cellular density and distribution within a soft 3D construct [12] [13] [14] [15] .
Although cell encapsulation is an appealing approach for the incorporation of relevant cells and growth factors into a bone tissue substitute, several issues need to be addressed. Not only is it important to know how the hydrogel properties influence the viability and function of encapsulated osteoblastic cells, it is important to understand how soft hydrated matrices influence bone mineral formation. Furthermore, the soft cell-laden hydrogels need to be integrated within a protective, structural frame in order to realize the goal of developing a clinically relevant biomimetic construct for bone tissue engineering. In this current study, we focus on how encapsulated cells interact within the hydrated microenvironment of a soft bone tissue substitute. To this end, we encapsulate bone-like human osteosarcoma cells (Saos-2) inside GelMA hydrogels of varying weight/volume (w/v) concentrations and stimulate them to form mineral in order to determine the relationship between bone formation and hydrogel stiffness.
Materials and Methods
Gelatin methacrylate pre-polymer solution preparation: Gelatin methacrylate (GelMA) macromer was synthesized using a previously reported protocol to serve as the base hydrogel matrix for cellular encapsulation [16, 17] . Briefly, porcine skin gelatin (Sigma Aldrich) was mixed at 10% (w/v) in phosphate buffered saline (PBS, Thermo Fisher Scientific), stirred at 45°C, mixed with methacrylic anhydride and stirred for 3 h. After stirring, the solution was dialyzing against distilled water for one week at 40°C, freeze-dried, and stored at -80°C until needed. For cell encapsulation experiments, three different GelMA prepolymer solutions (7, 10 and 15% w/v) were created by combining the freeze-dried GelMA macromer with various amounts of PBS and 0.25% UV photoinitiator Irgacure 2959 (Specialty Chemicals, Switzerland). The pre-polymer solutions were sterile filtered and stored at 2°C in autoclaved Pyrex bottles (Corning) wrapped with tin foil. Pre-polymer solutions below 7% were not used as they were not capable of being photo-cured while pre-polymer solution above 15% were not capable of being properly dissolved and sterile filtered.
Saos-2 culture and encapsulation: We employed human osteosarcoma cells (Saos-2; ATCC) transfected with a commercially available green fluorescent protein (GFP) lentivirus (Santa Cruz Biotechnology) as analogues for osteoblasts since they are a robust cell line commonly used in the initial stages of new bone defect models [18] . The GFP tagged Saos-2 cells were cultured in Dulbecco's Modification of Eagle's Media (DMEM; Life Technologies) supplemented with 10% fetal bovine serum (v/v) (FBS lot G12102; Atlanta Biologicals), 1% penicillin-streptomycin (Life Technologies) and 1% GlutaMAX (Life Technologies). Cells were passaged using standardized protocols with 0.25% trypsin-EDTA (Life Technologies) and maintained at conditions of 37°C with 5% CO 2 . Cells were encapsulated in GelMA matrices of varying densities by mixing 20 μL of a stock cell solution containing approximately 3750 cells/μL with 130 μL of 7%, 10% or 15% GelMA pre-polymer solution (w/v). The cell/GelMA solution was pipetted drop-wise into 5 mL of autoclaved vegetable oil and UV cured for 1 min with an intensity of 5 mW/cm 2 using a Hamamatsu LED Controller (Hamamatsu C11924-511; Hamamatsu Photonics K.K., Japan), taking advantage of an oil emersion based surface tension technique for cell encapsulation ( Figure 1A ) [19] . The solidified GelMA hydrogels containing encapsulated cells were then washed five times with 5 mL of sterile PBS, transferred into 2 mL of supplemented DMEM, and cultured as previously reported. Media was exchanged on each construct every 2 to 3 days until being fixed with 2% paraformaldehyde (Sigma) in PBS.
Osteosarcoma mineralization: Saos-2 cells were encapsulated and cultured as previously mentioned for specific durations of time before being chemically stimulated to produce mineral. Specifically, Saos-2 cells were encapsulated at approximately 75,000 cells per construct and allowed to grow for either 7 days (for histological staining assays) or 2 weeks (for microCT) before being chemically stimulated with an induction media. The induction media consisted of DMEM containing 10% FBS and 1% PSG supplemented with 0.1 μM dexamethasone (Sigma Aldrich), 25 μg/mL L-ascorbic acid-2-phosphate (AA2P; Sigma Aldrich), and an increasing regiment of β-glycerophosphate (BGP; Sigma Aldrich) [18] . The BGP regimen included one media change with 5 mM BGP, followed by one media change with 10mM BGP and all subsequent media changes containing 20 mM BGP. Once the specific time points for each experiment were reached, the samples were fixed in a 2% paraformaldehyde solution and cryo-protected with a 30% sucrose solution for both micro-computed tomographies imaging and sectioning.
Histochemical analysis, Live/Dead staining, and image processing: All encapsulated samples were fixed at the appropriate time points in a 2% formaldehyde solution. Chemically stimulated samples were cryo-protected with a 30% sucrose solution in PBS for both micro-computed tomography imaging and sectioning, while nonstimulated samples were decalcified and cryo-protected using a 14% ethylenediaminetetraacetic acid (EDTA; Sigma) and 30% sucrose solution in PBS. Samples to be sectioned were embedded in Tissue Freezing Medium Blue (TFMTM; Electron Microscopy Sciences), snap frozen using liquid nitrogen and sectioned into 10 μm slices using a Leica CM3050 cryostat (Leica Biosystems, Germany). Following sectioning, non-chemically stimulated samples to be stained for f-actin were treated with 0.1 M sodium citrate buffer solution pH 6.0, washed with PBS, and stained with Alexa Fluor 568 Phalloidin (1:100 dilution; Life Technologies). Nuclei were counterstained with 2.5 μg/mL 4' , 6-diamidino-2-phenylindole (DAPI) (1:50 dilution; Life Technologies) in PBS. Following sectioning, all chemically stimulated samples to be analyzed for mineral were stained with 40 mM alizarin red S pH 4.2 (1:100 dilution; Sigma Aldrich) and counterstained with 2.5 μg/ mL DAPI (1:50 dilution) in PBS. The viability of cells was analyzed using a Live/Dead assay. To evaluate cell viability, all three different types of hydrogels containing encapsulated cells were placed in media containing calcein-AM (1:2000 dilution; Life Technologies) and ethidium homodimer (1:500 dilution; Life Technologies) after 5 days of growth and incubated at 37°C for 1 h. Raw .tiff images were taken for all sectioned samples using an epifluorescence equipped Nikon Eclipse E-400 microscope (Nikon Corporation). All reported images were processed linearly for brightness and contrast using Adobe Photoshop CC 2015 (Adobe Systems Inc.). Once adjusted for brightness and contrast, images were converted to gray scale and subsequently overlaid to produce published images.
Micro-computed tomography: Chemically stimulated samples were fixed in a 2% formaldehyde solution and subsequently cryo-protected with a 30% sucrose solution for micro-computed tomography imaging and sectioning. A Scanco micro-CT 40 (Scanco Medical) was used to image and quantify mineral formation in chemically stimulated samples. Samples were placed in groups of 3 inside gauze packed micro-CT canisters and kept hydrated with 2% formaldehyde solution during imaging.
Quantitative values and statistical analysis: All quantitative values, with the exception of micro-computed tomography values, were obtained using open-source ImageJ (NIH) software. Retrieved data was entered manually into Microsoft Excel (Microsoft Corporation) where values were reported as means ± standard deviation. One-way ANOVA was performed using Microsoft Excel data pack. P-values <0.05 were considered statistically significant.
Results

Formation of cell-laden hydrogels
In order to determine how osteoblast like cells behaved while encapsulated within a soft gelatin matrix, 75,000 Saos-2 cells were mixed with three different concentrations of GelMA prepolymer solution (7%, 10% and 15% w/v), pipetted into an oil bath to form hydrated beads, and UV cured for 1 min ( Figure 1A ). Free radicals released from the photoinitiator (Irgacure 2959) in the pre-polymer solution caused the covalent binding of acrylate groups during the UV exposure, thereby crosslinking GelMA drops (~ 6 mm × 6 mm × 4 mm) ( Figure 1B ). This technique utilized the surface tension between aqueous GelMA solution and vegetable oil to crosslink GelMA drops at the air-GelMA-oil interface, and provided an easy-to-use approach with high degree of reproducibility [19] . A relatively low seeding density was used in order to maximize cell-matrix interactions within the three different types of hydrogels and the volume of the drops was specifically chosen to mimic murine bone defects.
Viability of encapsulated cells
The size of the hydrogel drop was designed to maximize cellmatrix interactions in a porous space that mimicked a murine bone defect. Viability was quantified 5 days after encapsulation using ethidium homodimer (dead cells=red staining) versus calcein-AM (live cells=green staining) (Figure 2A ). It was found that there was an apparent higher viability in the softer 7% hydrogels with approximately 60% live as opposed to only 40% live in both the 10% and 15% gels. However, since cells are required to be within 200-300 μm of a nutrient supply in order to properly function in vivo and due to inherent diffusion limitations in constructs many millimeters in size, low cell viability was observed. In order to determine how cells behaved within the hydrogel matrices at various stages of growth, histological sectioning was performed. Accordingly, the GelMA drops were fixed in 2% paraformaldehyde and cryosectioned into 10 μm slices to allow for imaging. A specific region of interest (ROI) was chosen to standardize measurements between samples ( Figure 2B) . Specifically, the ROI used in all analysis was determined to be the area between the center of the sectioned slices and the corresponding slice periphery.
Due to expected nutrient diffusion limitations within the stiffer hydrogels, it was necessary to quantify cell number in the sectioned ROIs at specific time points to determine cell migration patterns. To analyze whether cells were forming colonies inside the bulk material or simply migrating out of the constructs, cells were counted in the ROIs for each of the three types of hydrogels at 3 day, 7 day and 14 day time points by staining fixed slices with DAPI (nuclei) (Figure 2C Left) . More cells were counted, on average, in the ROIs of the 7% gels at alltime points and decreased as the gels became stiffer. For the 3 day time point, 19 cells on average were observed in the 7% constructs while only 12 cells were counted in the 15% constructs. Additionally, over time the number of cells within the ROI of the 7% gels increased at a higher rate than those in the 15% gels, with 39 cells on average appearing in the 7% and only 17 cells appearing in the 15%. This represented an approximately 100% increase in the amount of cells in the ROI of the soft gel with only a 41% increase in the stiffer gel.
Cells encapsulated within GelMA spheres were transfected with GFP in order to determine spatial cell location inside the scaffolds prior to fixation, as well as inherent cellular activity at all stages of growth. At each specified time point, fixed and sectioned samples were imaged for green emissions to ensure that counted cells were still active. In addition to the standard 3 day, 7 day and 14 day time points, cells were imaged inside of the ROIs well over 1 month after the initial photo curing to show long term activity (Figure 2C Right).
As a result of DAPI nuclei staining, the GelMA matrices of all three types of hydrogels fluoresced when exposed to UV light, thereby allowing for construct degradation to be measured. Constructs were fixed and stained with DAPI at 3 day, 14 day and 49 day time points in order to determine if a quantifiable relationship existed between bulk matrix degradation and hydrogel stiffness ( Figure 2D ). In general, softer hydrogels showed higher porosities (defined as void area fraction within a 10 μm slice) than stiffer hydrogels at all-time points. Compared to the stiffest 15% hydrogels, 7% gels were 4% more porous at 3 days, 7% more porous at 14 days and 16% more porous at 49 days. Additionally, it was shown that stiffer gels degraded slower over time, with 7% gels increasing in porosity by 21% from 3 to 49 days, compared to an 11% increase in 10% gels and a 9% increase in 15% gels.
Cellular morphology
In addition to showing cell migratory differences throughout the three different hydrogel constructs, cell morphology was cataloged at different time points to determine if matrix stiffness had an effect on cellular growth. Cell morphology was determined in the ROI for each of the three types of gels at 3 day, 7 day and 14 day time-points by staining fixed construct slices with DAPI (nuclei) and phalloidin (f-actin). At early time points, cell morphology appeared similar in the 7%, 10% and 15% gels, but changed dramatically at the later time points. At later time points, cells within the ROI in the softer gels formed large, defined clusters while cells in the 10% and 15% gels formed either limited or no clusters. Representative images of each type of construct indicate significant differences between cellular aggregations and morphology between the 7%, 10% and 15% samples ( Figure 3A Top) . This observation is evident in the high-resolution photographs at the 14D time point (Figure 3A Bottom) .
The aggregate nucleus diameter and area of encapsulated cells, as well as the aggregate lacunae diameter and area of encapsulated cells, were quantified in order to highlight the differences between how cell colonies grew within the bulk matrix of the three different hydrogels ( Figure 3B ). The aggregate area and diameter of nuclei stained with DAPI were rather consistent for all different gels at each of the three time points, except for numerous large clusters of nuclei that were predominately observed in the softer 7% gels after 14 days of culture. Synonymously, the aggregate lacunae area and diameter were similar in all scaffolds at each stage of growth except for the large clusters of cells that formed intricate lacunae after 14 days in the soft 7% gels.
Mineral deposition
To better examine the potential effects of matrix stiffness on osteogenesis, Alizarin red S staining was used to identify the presence of deposited calcium in chemically stimulated hydrogels. Cells were stimulated to produce mineral 7 days after encapsulation and were subsequently grown for an additional 2 weeks in osteogenic media in order to determine what effect hydrogel stiffness had on bone nodule formation. Alizarin red and DAPI counterstain were used to visualize fixed samples for mineral ( Figure 4A ) and mineral content and mineral area within the ROI was quantified ( Figure 4C ). Consistent with previous results, the total area fraction of mineral within the ROI was greater by 3 fold in the ROI of softer 7% gels than in the stiffer 15% gels, while mineral clusters in the ROI of softer hydrogels had areas 3.5 fold greater than those in stiffer gels.
A different group of samples were grown for 2 weeks in order to mimic the 14 day culture period used in the cellular morphology studies and were subsequently stimulated in osteogenic media for an additional 14 days. After four weeks, samples were fixed and scanned via microCT to determine total bone mineral content ( Figures 4B and 4C ). Softer 7% hydrogels showed indiscrete mineral formation throughout the entire construct while stiffer 15% gels showed concentrated mineral formation at the peripheries. Total mineral density appeared to be similar in both the 7% and 15% samples with 0.053 mg HA and 0.058 mg HA, respectively.
Discussion
As compared to conventional studies performed on nonphysiological 2-D substrates, Saos-2-laden GelMA hydrogels provide a more realistic 3-D environment with which to study bone regeneration [20, 21] . Although human osteosarcoma Saos-2 cells do not completely represent the response of primary human osteoblasts, Saos-2 do serve as a robust, model cell line capable of allowing for the assessment of the biocompatibility and differentiating potential of the GelMA matrix. As such, the results from this work indicate that the stiffness of GelMA plays a vital role in encapsulated cell viability, morphology, and function. need for organic solvents and provides short reaction times. One recent study reported the encapsulation of human mesenchymal stem cells within a synthetic hydrogel containing Irgacure 2959 photoinitiator and demonstrated excellent cellular viability 14 days after UV crosslinking for varying curing times [22] . Specifically, UV light (100 W/365 nm) was exposed to hMSC-laden hydrogels for times varying between 2.5 min and 10 min and DNA damage was not detected when exposure time was kept around 2.5 min. Other studies, which used similar UV crosslinking techniques for 2-3 min, also demonstrated no significant changes or damage to the cells as a result of UV exposure [23] . In our study, we only use an exposure time of 1 min, much lower than the reported times causing observable DNA damage.
Recent work with UV-cross-linkable hydrogels containing living cells has shown success in an in vivo setting. Specifically, N-methacryloyl chitosan hydrogels mixed with living cells was demonstrated to undergo rapid transdermal crosslinking in vivo within 60 s through minimally invasive clinical surgery. Histological analysis revealed that low-dose UV irradiation did not induce skin injury and the acute inflammatory response disappeared after only 7 days [24] . Another study showed that encapsulated bone marrow-derived mesenchymal stem cells in UV crosslinked GelMA hydrogels demonstrated enhanced osteogenesis in vivo with significant mineralization [25] . In yet another study, GelMA hydrogels containing multipotent stromal cells within an ectopic rat model was used to engineer endochondral bone [26] .
As mentioned previously, low cellular viability of encapsulated osteosarcomas was expected since cells are required to be within 200-300 μm of a nutrient supply in order to properly function in vivo. Due to the larger size of our cell-laden hydrogels and inherent diffusion limitations associated with dense constructs, viabilities ranging from 40 to 60 percent were normal. In a similar study, Saos-2 cells were encapsulated within sodium-alginate drops of only 1mm in diameter and were found to survive at higher rates as compared to the GelMA drops used in this study, further emphasizing the role media diffusion plays in maintaining high levels of cellular viability [27] .
The observed cell count differences in the ROIs of the three different gels suggested that cells were migrating outside of the denser constructs due to poor nutrient diffusion. This result was in line with a recent study where it was shown that the cellular viability of encapsulated Cells were grown within hydrogel constructs for either 3, 7 or 14 days, fixed, sectioned, and stained for f-actin (red=phalloidin) and counterstained for nuclei (blue=DAPI). Representative pictures at 7 days (scale bar=100 μm) and 14 days (high resolution; scale bar=20 μm) show distinct morphological differences in the ROI of samples of different stiffness at all-time points. (B) Histological samples stained with phalloidin and counterstained with DAPI were analyzed for morphological differences in the nuclei and lacunae at 3 day, 7 day and 14 day time points. Measurements showed significant differences in aggregate nuclear diameters and areas, as well as aggregate lacunae diameters and areas, for softer hydrogels over time (n=3; *=p<0.05). mesenchymal stem cells (MSCs) inside the matrix of porous gelatin constructs increased as porosity increased [28] . Additionally, the observation that cells within the ROIs of the more porous matrices were able to form larger clusters further suggested that cells within the softer gels remained active in the bulk material while cells in the stiffer gels migrated towards the peripheries. Furthermore, the ability of cells within the 7% and 10% hydrogels to form defined cell colonies was consistent with existing literature detailing how cells behave while encapsulated in soft material. One recent study used sub-millimeter sized beads to encapsulate MG-63 osteosarcoma cells within gelatinmodified alginate (AlGel) hydrogels [29] and showed that the clusters of cells that formed within the AlGel had several protrusions with lengths of approximately 30 μm extending between colonies. Similar phenomena have also been observed within encapsulated hematopoetic stem cells [30] and human embryonic stem cells [31] .
In this work, we used GelMA, a collagen derivative, as our soft component since it has tailorable mechanical properties, is able to be chemically modified with various peptides, is biodegradable, and has crosslinked environments similar to the natural extracellular matrix (ECM). Although stiffer GelMA matrices showed less cellular activity near the center of the construct, cells were still metabolically active and capable of surviving. Additionally, since there were no significant differences between the amounts of mineral produced in the 7% constructs versus the 15% constructs, it could be suggested that the encapsulated cells in the harder scaffolds migrated towards the periphery in order to uniformly encase the structure. Based on these observations, it is plausible to suggest that properly vascularized hydrogels of increased stiffness could encourage osteogenic cells to create mineral in a consistent, ordered fashion. Cells were grown within hydrogel constructs for 7 days and were subsequently placed in osteogenic media for an additional 14 days. Constructs were fixed, sectioned, stained for mineral deposition (red=alizarin red S) and counterstained for nuclei (blue=DAPI). Representative pictures for all samples show distinct difference in the mineral located within the ROI for different gel stiffness (top scale bar=100 μm; bottom scale bar=20 μm). (B) Cells were grown within hydrogel constructs for 14 days and were subsequently placed in osteogenic media for an additional 14 days. Samples were analyzed via microCT for total mineral within the constructs of different stiffness. (C) Histological samples stained with alizarin red S and counterstained with DAPI were analyzed for mineral cluster area and area fraction of mineral coverage within the ROI and showed significant differences for implants of varying moduli (n=2; *=p<0.05). MicroCT scans were analyzed for total mineral throughout the constructs and showed no significant differences between implants of varying moduli (n=3). 
Conclusion
This work showcases the advantages of using a gelatin-based porous hydrogel for bone tissue engineering. By understanding how the bone-like cells function within hydrogels of different stiffness, it may be possible to capitalize on this knowledge and design more complex structures capable of directed bone formation.
